INTRODUCTION {#s1}
============

Cobalt (Co) is an almost ubiquitous oligoelement in the animal and plant kingdoms, and plays an important role in the maintenance of biological function as a component of vitamin B12 and other cobalamines \[[@RRS086C1]\]. Exposure to an excessive amount of Co and its ions (Co (II)) is, however, known to have deleterious effects on the human body by inducing oxidative stress \[[@RRS086C2], [@RRS086C3]\]. Elevated levels of Co (II) lead to the accumulation of excessive amounts of reactive oxygen species (ROS), which results in oxidative lesions in DNA and membrane lipid peroxidation, leading to cellular death and dysfunction \[[@RRS086C4]--[@RRS086C6]\]. On the other hand, Co (II) compounds, such as cobalt chloride (CoCl~2~), induce biochemical and molecular responses similar to those observed under hypoxic conditions \[[@RRS086C7], [@RRS086C8]\]. At a molecular level, under hypoxic conditions, hypoxia inducible factor-1 (HIF-1), a heterodimeric protein consisting of the constitutively expressed HIF-1β/ARNT and the highly regulated HIF-1α subunits, is a critical transcriptional factor regulating the expression of many downstream target genes encoding proteins which mediated repair of, and resistance to, physical and chemical damage.

The HIF-1α subunit is hydroxylated by prolyl hydroxylases (PHDs) at proline residues 402 and 564 in the oxygen-dependent degradation domain (ODD). It is then targeted for proteasome-mediated degradation through a protein ubiquitin ligase complex containing the product of the von Hippel Lindau tumor suppressor (pVHL) \[[@RRS086C9]--[@RRS086C11]\]. CoCl~2~can mimic hypoxia by stabilizing HIF-1α through antagonism of Fe^2+^, which along with oxygen is an essential cofactor \[[@RRS086C12]\]. Moreover, it has been shown that cobalt can bind directly to the hydroxylated proline residues within the ODD and inhibit both hydroxylation and the interaction between hydroxylated HIF-1α and pVHL to promote HIF-1α expression \[[@RRS086C13]\]. A large number of data indicate that, by activating HIF1α, preliminary exposure to CoCl~2~might mimic actual hypoxic conditions, and increase tolerance against damage by other biological and physicochemical factors including ischemia, photodynamic therapy, tert-butyl-hydroperoxide-induced oxidative stress and some chemotherapy drugs \[[@RRS086C14]--[@RRS086C16]\].

As is well known, ionizing radiation (IR), by generating abundant ROS and free radicals, leads to damage of cell and tissue. At low or moderate doses, IR has a wide range of reversible and irreversible harmful effects on cellular DNA, resulting in the appearance of single (SSB) and double (DSB) strand breaks \[[@RRS086C17], [@RRS086C18]\]. It is unclear, however, whether CoCl~2~regulates the radio-sensitivity of cells via an increase in the refractory response to IR, which is involved in the protection of cells against other harmful factors. According to the work of Gault *et al.*\[[@RRS086C19]\] combination CoCl~2~and γ-radiation treatment in the HaCaT cell line results in an additive damage effect, although others observed the opposite effect \[[@RRS086C20]\]. In the present study, to evaluate the involvement of Co (II) in the cellular response to IR, we investigated the effect of low concentration CoCl~2~pretreatment on the viability of irradiated cells. The content of intracellular ROS and the expression of HIF-1α were then measured to determine possible mechanisms of this effect.

MATERIALS AND METHODS {#s2}
=====================

Cell culture and treatment {#s2a}
--------------------------

The human hepatoma HepG2 cell line (Cell Bank, Chinese Academy of Sciences) was cultured in RPMI-1640 medium (GIBCO BAL, USA) supplemented with 10% fetal bovine serum (FBS) (GIBCO BAL, USA), penicillin (100 U/ml), streptomycin (100 µg/ml) (Sigma-Aldrich, St. Louis, MO, USA) at 37°C in an incubator containing a humid atmosphere of 95% air and 5% CO~2~and propagated according to protocol supplied by the American Type Culture Collection. The cells were treated with 100 µM CoCl~2~(Sigma-Aldrich) for 24 h prior to exposure to irradiation.

Irradiation {#s2b}
-----------

A Gammacell-40 Exactor with a ^137^Cs source (Best Theratronics Ltd, Canada) was used for γ-ray irradiation at a dose rate of 0.8 Gy/min. After the cells were treated with 100 µM CoCl~2~for 24 h and then irradiated in 0, 1, 3 and 5 Gy, the cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay \[[@RRS086C21]\].

Cell viability assay {#s2c}
--------------------

The influence of CoCl~2~on cell growth was determined using the MTT method. HepG2 cells were seeded in 96-well plates at a density of 5 × 10^3^cells per well. They were then treated with different concentrations of CoCl~2~for 24 h. Furthermore, the medium was replaced with fresh medium allowing cells to be continuously grown up to 72 h. MTT dye was added to a final concentration of 50 mg/ml and cells were subsequently incubated for another 4 h at 37°C. The media containing residual MTT dye was carefully aspirated from each of the wells and 200 µl dimethyl sulphoxide (DMSO) (Sigma-Aldrich) was added to each well to dissolve the reduced formazan dye. The fraction of viable cells was calculated by comparing the optical absorbance of culture exposed to CoCl~2~treatment with that of the untreated control.

Treatment of cells with HIF-1α siRNA {#s2d}
------------------------------------

Primers were synthesized based on the human HIF-1α cDNA sequence (Genbank No. 22431) as follows: forward and reverse strand (UGUGAGUUCGCAUCUUGAUTT) and (AUCAAGAUG CGAACUCACATT); forward and reverse scrambled (sc) strands (UACACCG UUAGCAGACACCTT) and (GGUGUCUGCUAACGGUGUATT), as previously described \[[@RRS086C22]\]. Primers were purified then annealed at a final concentration of 20 µM by heating at 95°C for 1 min and incubating at 37°C for 1 h in annealing buffer (potassium acetate, 6 mM Hepes-KOH, pH 7.4 and 0.4 mM magnesium acetate). 5 × 10^5^HepG2 cells were transiently transfected with 4 µg HIF-1α siRNA using Lipofectamine 2000, according to the manufacturer\'s protocol (Invitrogen Life Technologies, USA).

Western blot analysis of HIF-1α expression {#s2e}
------------------------------------------

Cells were scraped from culture flasks and lysed in lysis buffer containing 10% glycerol, 10 mM Tris-HCl (PH 6.8), 1% sodium dodecyl sulfate (SDS), 5 mM dithiothreitol (DTT) and 1 × complete protease inhibitor cocktail (Sigma-Aldrich). The method of Bradford was used to assay concentrations of protein in diverse samples \[[@RRS086C23]\]. Protein concentration was measured using an auto multifunction microplate reader. Fifty micrograms of proteins were separated by 8% polyacrylamide-SDS inconsecutive gel electrophoresis. The separated proteins were electrophoretically transferred to polyvinylidene difluoride membrane. Membranes were blocked with 5% skim milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 at room temperature for 1 h and then incubated with mouse monoclonal HIF-1α antibody (Abcam, USA) at a 1:500 dilution overnight at 4°C, followed by goat anti-mouse IgG for 1 h at room temperature. Signals were detected with enhanced chemiluminescence (ECL plus, Amersham, USA). Microtubule protein (Tubulin, Abcam, USA) at a 1:1000 dilution was used as internal control to observe the changes of HIF-1α bands.

RNA purification {#s2f}
----------------

Cells were lysed by TRIzol Reagent (Sangon, China) and RNA was extracted according to manufacturer\'s instruction (Sangon, China). To avoid genomic DNA contamination, extracted RNA was then purified with the RNeasy kit (Invitrogen, USA). The quantity and quality of RNA was determined by OD measurement at 260 and 280 nm. The integrity of RNA was checked by visual inspection of 28S and 18S rRNAs on an agarose gel.

RT-PCR {#s2g}
------

Two micrograms of RNA were used for cDNA synthesis using Olig-(dt)~18~as primer and AMV reverse transcriptase (Invitrogen, USA). The RT reaction was started with 10 min incubation at room temperature and 60 min at 42°C, followed by 10 min at 70°C to terminate the reaction. Subsequently, 2 μl cDNA was used as template for amplification of target cDNAs in a total volume of 25 μl containing 2.5 μl 10 × PCR buffer (0.2 M Tris-HCl, pH 8.4, 0.5 M KCl), 0.2 mM dNTP mix, 1.5 mM MgCl~2~, 0.2 μM of each primer and 1.25 units of Platinum Taq DNA polymerase (Invitrogen, USA). The thermal cycler was set to run at 95°C for 5 min, 30 cycles of 94°C for 1 min, 55°C for 2 min, 72°C for 2 min, with a final extension of 72°C for 10 min. Specific primers for erythropoietin (EPO) were as follows: (upstream: 5′-ATATCACTGTCCCAGACACC-3′; downstream: 5′-AGTGATTGTTCGGAGTGGAG-3′; 290-bp fragment). PCR products were analyzed by electrophoresis on a 1.2% agarose gel. The specific bands were observed with ethidium bromide and digitally photographed under ultraviolet light, then scanned using the Biosens Gel Documentation System 920 (Shanghai Bio-Tech Co., Ltd, China). Gene expression was calculated as the ratio of mean band density of specific products to that of the internal standard (β-actin).

Measurement of intracellular ROS {#s2h}
--------------------------------

Digestive cell suspension was incubated with 10 µM of 2′,7′-dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich) for 30 min, and then washed three times with PBS for removing redundant DCFH probe. After counting the viable cells, the fluorescence intensities of cells were measured by flow cytometry (Becton-Dickinson) of which the excitation wavelength and the emission wavelength were 488 and 525 nm, respectively.

Micronucleus assay {#s2i}
------------------

Micronucleus (MN) was measured with the cytokinesis-block technique as a biological end point for the response of mimetic hypoxia to irradiation. Briefly, the cells were exposed to 0.83 µg/ml cytochalasin B (Sigma-Aldrich) for 19--20 h followed by 75 mM KCl hypotonic treatment for 1--3 min and then fixed *in situ*with methanol:acetic acid (9:1 v/v) for 30 min. Air-dried cells were stained with 5% Giemsa (Sigma-Aldrich) for 10 min. Micronuclei were scored in binucleated cells, and the formation of binucleated cells was measured as the percentage of the total number of cells scored. For each sample, at least 1000 binucleated cells were counted. The MN yield, *Y*~MN~, is the ratio of the number of micronuclei to the number of binucleated cells scored.

Statistical analysis {#s2j}
--------------------

Data are reported as the mean ± SEM of three separate experiments. Statistical significance was measured with the independent sample *t*test and analysis of variance. A value of *P*\< 0.05 was considered statistically significant.

RESULTS {#s3}
=======

Selection of nontoxic concentration of CoCl~2~ {#s3a}
----------------------------------------------

In order to select the experimental concentration of CoCl~2~, a 24 h dose--response study was conducted by exposing cells to different concentrations of CoCl~2~. The results of the MTT assay showed no significant decrease in cellular viability after 24 h exposure to CoCl~2~concentrations ranging from 12.5 to 100 µM, as shown in Fig. [1](#RRS086F1){ref-type="fig"}. In subsequent studies, the concentrations of CoCl~2~were set at 100 µM. Fig. 1.Selection of the experimental concentration of CoCl~2~. MTT results showed that there was no significance in the decrease of cell viability until the concentration of CoCl~2~was at 100 μM (\**P*\< 0.05, \*\**P*\< 0.01, as compared with control).

Variation of HIF-1α expression {#s3b}
------------------------------

CoCl~2~pretreatment resulted in robust induction of intracellular HIF-1α (Fig. [2](#RRS086F2){ref-type="fig"}A and B). Cells treated with 100 µM CoCl~2~, and irradiated in different doses from 1 to 5 Gy, retained elevated levels of HIF-1α. Transfection with HIF-1α-siRNA resulted in loss of HIF-1α expression in cells treated with CoCl~2~. There was no statistical difference in levels of HIF-1α between cells treated with HIF-1α-siRNA and normoxic cells. To validate fluctuations in HIF-1α levels, the expression of EPO, the target gene induced by HIF-1 under hypoxic conditions, was evaluated by RT-PCR method. Figure 2C and 2D shows that the trend of EPO expression recapitulated that of HIF-1α. Fig. 2.Changes of HIF-1α and its target gene expression. (**A**) Induction of HIF-1α analyzed by western blot experiments. Similar results were obtained from three independent experiments. (**B**) Compared with the normoxic cell, HIF-1α expression in the irradiated and unirradiated cells was conspicuously induced by CoCl~2~pretreatment (^\#\#^*P*\< 0.01). After HIF-1α-siRNA transfection, a statistical difference was observed between cells treated with and without HIF-1α-siRNA under the same conditions (\*\**P*\< 0.01). (**C**) Expression of EPO analyzed by RT-PCR experiments. Similar results were obtained from three independent experiments. (**D**) Compared with the normoxic cell, the expression of EPO in the irradiated cell or the unirradiated cell was increased by CoCl~2~pretreatment (^\#\#^*P*\< 0.01). Further results showed that the level of EPO in the cell with CoCl~2~was decreased again by HIF-1α-siRNA transfection, and a significant difference was observed between the transfected and untransfected cells (\*\**P*\< 0.01).

Effect of irradiation on intracellular ROS levels {#s3c}
-------------------------------------------------

After exposure to irradiation, CoCl~2~pretreatment decreased intracellular ROS levels in comparison with normoxic cells. No significant change was observed in ROS levels between mimetic hypoxia cells treated with or without HIF-1α-siRNA (Fig. [3](#RRS086F3){ref-type="fig"}). We conclude that irradiation can induce intracellular ROS levels and that CoCl~2~may partly attenuate this effect. Fig. 3.Changes in intracellular ROS levels. One hundred micrometers of CoCl~2~pretreatment for 24 h significantly induced intracellular ROS levels induced by irradiation. Statistical analysis showed that, compared with the normoxic cells exposed to the same radiation dose, there was a significant difference in cells pretreated with CoCl~2~pretreatment (\**P*\< 0.05, \*\**P*\< 0.01).

Viability of irradiated cells {#s3d}
-----------------------------

As shown in Fig. [4](#RRS086F4){ref-type="fig"}, at each γ-ray irradiation dose, the viability of the cells pretreated with a low concentration of CoCl~2~was significantly greater compared with untreated cells. After exposure to 3 and 5 Gy irradiation, under mimetic hypoxia, cellular viability was significantly reduced by treatment with HIF-1α-siRNA compared with control cells under mimetic hypoxia; no change was observed under normoxic conditions. Moreover, although the expression of HIF-1α was inhibited, CoCl~2~retained the ability to protect irradiated cells, an effect mediated at least in part by increasing the level of HIF-1α expression. Fig. 4.Viability of irradiated cells determined by MTT assay. After 100 μM CoCl~2~pretreatment for 24 h, HepG2 cells were irradiated in different doses. Cell viability with or without HIF-1α-siRNA was significantly increased at the same radiation dose compared with normoxic cells (\**P*\< 0.05, \*\**P*\< 0.01). Subsequent analysis showed that the viability of HIF-1α-siRNA transfected cells irradiated with 3 and 5 Gy was reduced relative to untransfected cells (^\#^*P*\< 0.01).

Change of intracellular micronucleus {#s3e}
------------------------------------

MN ratios were determined to evaluate cellular irradiation damage. There was no significant difference in MN ratios between unirradiated cells treated with and without CoCl~2~(Fig. [5](#RRS086F5){ref-type="fig"}). Despite robust increases in MN in all irradiated cells, MN ratios in cells treated with CoCl~2~were reduced compared with untreated cells. In the mimetic hypoxia cells transfected with HIF-1α-siRNA, MN ratios were induced by IR, although this increase was lower compared with the MN ratios in normoxic cells induced by IR. These results suggest that CoCl~2~may reduce the appearance of MN in irradiated cells. Fig. 5.MN ratios of irradiated cells. Cell irradiation in the absence of CoCl~2~resulted in the formation of elevated levels of MN relative to irradiated cells treated with 100 μM CoCl~2~for 24 h (\**P*\< 0.05, \*\**P*\< 0.01). Compared with untransfected cells, intracellular MN increased in cells treated with HIF-1α-siRNA and exposed to 3 Gy and 5 Gy irradiation (^\#^*P*\< 0.01).

DISCUSSION {#s4}
==========

Through the Fenton reaction, ionizing radiation generates large amounts of ROS, such as superoxide anions, hydrogen peroxide and hydroxyl radicals, which cause DNA damage, alterations in lipids and destruction of protein structure, eventually resulting in cellular mutation or death \[[@RRS086C24], [@RRS086C25]\]. The results of our study also show that levels of ROS in HepG2 cells were increased after exposure to different γ-radiation doses. Concomitant with the elevation of intracellular ROS content, cellular viability was inhibited under the same irradiation conditions. As a consequence, endogenous or exogenous ROS scavengers, as shown in previous studies, may protect cells from the deleterious effects of irradiation \[[@RRS086C26], [@RRS086C27]\].

Co (II), traditionally considered a pro-oxidant, has been reported to cause accumulation of ROS in cells and tissue systems \[[@RRS086C28], [@RRS086C29]\]. In the present study, we found that ROS content was elevated in cells exposed to low concentrations of CoCl~2,~although this failed to reach statistical significance. Surprisingly, when combined with irradiation at low or moderate doses, CoCl~2~could reduce the levels of ROS generated by IR, which was confirmed by an increase in cell viability. Toxicological experiments have shown that CoCl~2~protects cells against chemical insults and blocks injury to biological systems, and that induction of the expression of HIF-1α plays an important role in this effect \[[@RRS086C30], [@RRS086C31]\]. Similarly, our results show that like hypoxia, CoCl~2~increases levels of HIF-1α and enhances cellular radio-resistance. In contrast, inhibition of HIF-1α by siRNA decreased the viability of irradiated cells, confirming the importance of HIF-1α in mediating the response to IR. Interestingly, although HIF-1α expression was ablated, the viability of cells treated with CoCl~2~remained higher relative to untreated cells under the same radiation dose. Moreover, no significant difference was observed in ROS levels between HIF-1α-siRNA transfected and untransfected cells at the same radiation dose, implying that since HIF-1α *per se*does not have reducing capacity, expression of HIF-1α does not affect intracellular ROS. Additionally, ROS content was lower in cells treated with CoCl~2~regardless of the presence of HIF-1α-siRNA, demonstrating that the radio-protective effect of CoCl~2~correlates with both the expression of HIF-1α protein and the clearance of intracellular ROS. According to studies by Shrivastava *et al*. \[[@RRS086C32]\] and Saxena *et al*. \[[@RRS086C33]\], in the presence of oxidative stress, cobalt supplementation maintains or increases the levels of antioxidant enzyme and glutathione systems, such as superoxide dismutase, glutathione peroxidase, glutathione S-transferase and the reduced glutathione/oxidized glutathione ratio, further attenuating cellular ROS generation. These phenomena have also been reported by earlier studies on other harmful agents \[[@RRS086C34], [@RRS086C35]\]. We speculate therefore that administration of CoCl~2~at low concentrations activates the cellular antioxidant system, thereby inhibiting the generation of ROS formation by irradiation.

MN are the result of small chromosome fragments that are not incorporated into the daughter nuclei during cell division, and arise as a result of exposure to non- or misrepaired DSBs by various clastogenic agents \[[@RRS086C36], [@RRS086C37]\]. It has been suggested that DNA damage by ROS induction leads to the formation of SSBs and DSBs \[[@RRS086C38], [@RRS086C39]\]. In the field of radiation biology, the number of radiation-inducing MN is strongly correlative with radiation damage. Due to its reliability and reproducibility, the MN assay is an appropriate biological tool to evaluate *in vitro*radiosensitivity \[[@RRS086C40]\] and, accordingly, we used it to evaluate the scavenging of ROS in irradiated cells in response to CoCl~2~pretreatment. There was no statistical change in the number of intracellular MN at nontoxic CoCl~2~concentrations. While ratios of MN were significantly increased by IR, CoCl~2~pretreatment blocked DNA damage. Furthermore, despite inhibition of HIF-1α expression, MN ratios were lower in irradiated cells pretreated with CoCl~2~, which negatively correlated with the alteration of intracellular ROS, illustrating that CoCl~2~may decrease the DNA damage through scavenging excessive ROS.

Taken together, our results suggest that low CoCl~2~concentrations may protect cells against irradiation via a mechanism involving not only induction of HIF-1α expression, but also clearance of intracellular ROS. It will be valuable to assess in future experiments the mechanism of CoCl~2~radio-protection in the context of radiation damage by other chemical compounds.
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